We investigated the pathways of N 2 production in the oxygen-deficient water column of the eastern tropical South Pacific off Iquique, Chile, at 20uS, through short anoxic incubations with 15 N-labelled nitrogen compounds. The location was characterized by steep chemical gradients, with oxygen decreasing to below detection at ,50-m depth, while nitrite reached 6 mmol L 21 and ammonium was less than 50 nmol L 21 . Ammonium was oxidized to N 2 with no lag phase during the incubations, and when only NH þ 4 was 15 N-labeled, 15 N appeared in the form of 14 N 15 N, whereas 15 N 15 N was not detected. Likewise, nitrite was reduced to N 2 at rates similar to the rates of ammonium oxidation, and when only NO 2 2 was 15 N-labeled, 15 N appeared mainly as 14 N 15 N, whereas 15 N 15 N appeared in only one incubation. These observations indicate that ammonium was oxidized and nitrite was reduced through the anammox reaction, whereas denitrification was generally not detected and, therefore, was a minor sink for nitrite. Anammox rates were highest, up to 0.7 nmol N 2 L 21 h 21 , just below the oxycline, whereas rates were undetectable, ,0.2 nmol N 2 L 21 h 21 , deeper in the oxygen-deficient zone. Instead of complete denitrification to N 2 , oxidation of organic matter during the incubations may have been coupled to reduction of nitrate to nitrite. This process was evident from strong increases in nitrite concentrations toward the end of the incubations. The results point to anammox as an active process in the major open-ocean oxygen-deficient zones, which are generally recognized as important sites of denitrification. Still, denitrification remains the simplest explanation for most of the nitrogen deficiency in these zones.
This process provides energy for growth for a specialized group of bacteria that belong to the clade of plantomycetes, and it has so far only been found in this group (Strous et al. 1999; Schmid et al. 2005) . Although first discovered in a wastewater treatment system, the reaction has recently been added to the array of microbial processes that are important for nitrogen cycling in natural environments, including marine sediments (Thamdrup and Dalsgaard 2002; Dalsgaard and Thamdrup 2002) and anoxic water columns (Dalsgaard et al. 2003; Kuypers et al. 2003) . In these environments, anammox is the only documented anaerobic pathway of ammonium oxidation, and it provides a second route from fixed nitrogen to N 2 next to microbial denitrification, which was previously thought to be the only important process that conveys such a conversion. (For recent reviews, see Hulth et al. [2005] , Dalsgaard et al. [2005] , and Kuypers et al. [2006] .) As fixed nitrogen often limits marine primary production (Falkowski et al. 1998) , investigations of the rates and regulation of this novel sink in the marine nitrogen cycle are of general importance for our understanding of oceanic biogeochemistry.
The anammox process is biochemically distinct from denitrification, as it involves hydrazine as an intermediate and forms N 2 by a one-to-one combination of nitrogen from the two sources (van de Graaf et al. 1995; Strous et al. 1999; Jetten et al. 2005) . In contrast, denitrification, used here in the strict or canonical sense, is a stepwise enzymatic reduction of nitrate via nitrite, nitric oxide, and nitrous oxide to N 2 (Zumft 1997; Codispoti et al. 2001) . The reduction of nitrite to gaseous products is the defining part of this sequence.
The biochemical differences allow the separate quantification of the two processes in natural samples on the basis of the analysis of isotope-pairing patterns in N 2 formed after the addition of 15 N-labeled nitrate, nitrite, or ammonium (Dalsgaard and Thamdrup 2002; Thamdrup and Dalsgaard 2002) . Thus, in anoxic incubations amended with 15 NH þ 4 , anammox is quantified through the accumulation of N 2 with mass 29, that is, 14 N 15 N (van de Graaf et al. 1997; Thamdrup and Dalsgaard 2002 2 is naturally present, denitrification will also produce 14 N 15 N and 14 N 14 N, and the relative contributions of the two processes are determined by assumption of random isotope pairing during denitrification (Nielsen 1992; Thamdrup and Dalsgaard 2002) . The use of 15 NO 2 3 relies on nitrate reduction to make nitrite available to the anammox process and on a relatively rapid turnover of the intermediate nitrite pool for 15 N to appear in N 2 at a constant rate. In systems with high nitrite concentrations, a lag phase will occur in the transfer of 15 N from nitrate to N 2 (Dalsgaard et al. 2003) , and the use of 15 NO 2 2 is preferable to 15 NO 2 3 (Dalsgaard and Thamdrup 2002) .
By use of the isotope approach, the relative contribution of anammox to N 2 production in marine sediments has been found to vary from below detection to ,70%, with typical contributions of 25-35% in deeper shelf sediments . The factors that govern this large variation is not clear, but higher contributions are generally found in sediments with lower total-mineralization rates, which suggests that competition with denitrifiers for nitrite could be an important factor (Thamdrup and Dalsgaard 2002; Engströ m et al. 2005; Trimmer et al. 2005) .
The first quantifications of anammox in anoxic water columns were reported from the anoxic basin of Golfo Dulce, Costa Rica (Dalsgaard et al. 2003) . This anoxic basin opens to and exchanges water with the southern part of the eastern tropical North Pacific oxygen-minimum zone and is characterized by nitrate-rich, nonsulfidic conditions, except for sporadic occurrences of sulfide near the bottom (Richards et al. 1971; Thamdrup et al. 1996) . Anammox contributed 32-58% of N 2 production at nonsulfidic depths (Dalsgaard et al. 2003) . Because of the similarity in water chemistry, Dalsgaard and coworkers (2003) suggested that anammox could also be an important sink for fixed nitrogen in the oxygen-deficient cores of the large oceanic oxygen-minimum zones. Both anammox and denitrification were assumed to be fueled by the organic detritus in the water column. However, the relative contribution from anammox to N 2 production was somewhat higher than the 29% expected from a combination of organic-matter oxidation through denitrification with oxidation of the resulting ammonium by anammox, if the organic matter decomposed according to the Redfield ratio (Dalsgaard et al. 2003) . This difference was suggested to result from preferential degradation of nitrogen-rich compounds.
While the anammox process in sediments and in Golfo Dulce was mainly identified through patterns of isotope pairing, anammox activity in the chemocline of the Black Sea (Kuypers et al. 2003 ) was linked to the presence of anammox bacteria through whole-cell fluorescent in situ hybridization (FISH) and through the occurrence of a unique type of lipids, ladderanes, which are only known from this group of organisms (Sinninghe-Damsté et al. 2002) . Most recently, a combination of FISH, lipid analysis, and 15 N incubations also demonstrated anammox activity and biomass in the oxygen-deficient waters of the Benguela upwelling system over the Namibian Shelf (Kuypers et al. 2005) . Surprisingly, no denitrification was detected there, so anammox was apparently the only source of N 2 in these waters. Denitrification was suggested to be inhibited by frequent incursions of oxygen into the oxygendeficient depths of the dynamic shelf waters with denitrification activity recovering more slowly than anammox after such disturbances.
The studies summarized above not only indicate that anammox may play an important role in the marine nitrogen cycle as a sink for fixed nitrogen but also call for further investigations of the geographic distribution of the process and of its regulation. We have quantified anammox and denitrification in oxygen-deficient waters of the eastern tropical South Pacific (ETSP). This region is an important site for the loss of fixed nitrogen from the oceans, through what has so far been assumed to be denitrification (Fiadeiro and Strickland 1968; Codispoti and Packard 1980) . Together with similar regions in the eastern tropical North Pacific (Cline and Richards 1972; Codispoti and Richards 1976) , the Arabian Sea (Deuser et al. 1978; Naqvi 1994; Bange et al. 2005) , and the Southeast Atlantic (Chapman and Shannon 1985; Tyrrell and Lucas 2002) , N 2 formation in the oxygen-deficient water column is estimated to account for 25-50% of the total oceanic loss of fixed N (Gruber and Sarmiento 1997; Codispoti et al. 2001; Brandes and Devol 2002) .
We here report the first combined quantification of anammox and denitrification activity in the ETSP. These measurements are also the first such measurements in oceanic oxygen-deficient waters that are not over a continental shelf.
Materials and methods
Study site-Samples were collected off Iquique in northern Chile at ,20uS in the southern part of the ETSP oxygen-deficient zone, which reaches from ,5uS to at least 30uS. Hydrographically, the waters off northern Chile are part of the Humboldt Current system. Oxygen-deficient equatorial subsurface water is transported poleward by the Peru-Chile Undercurrent, whereas surface water moves north with the Humboldt Current. A weak but persistent equatorward wind stress drives coastal upwelling from depths of ,100 m, which enhances surface-water productivity to ,40 km off the coast (Morales et al. 1996 (Morales et al. , 1999 Hormazabal et al. 2004 ). Off Iquique, oxygen concentrations are typically ,10 mmol L 21 (,0.2 mL L 21 ) from depths of 40-50 m to 400 m, whereas nitrite concentrations reach .6 mmol L 21 at the same depths (Morales et al. 1996 (Morales et al. , 1999 Pantoja et al. 2004; Castro-González and Farías 2004) , which indicates the activity of anaerobic mineralization processes (Cline and Richards 1972; Codispoti et al. 2001) .
Water was collected from RV Carlos Porter during the DINAMO cruise in March 2004 on two closely spaced locations 22226 km west of Iquique (Sta. 1: 70u199W, 20u069S and Sta. 2: 70u229W, 20u109S) . Almost no continental shelf is present in this region, and the full water depth was 800-1,000 m. The positions were chosen from satellite-based chlorophyll distributions, which showed that coastal upwelling off Iquique sustained a relatively narrow (,20-km wide) band of chlorophyllrich surface water (up to 10 mg L 21 ) during the cruise, whereas chlorophyll-rich plumes stretched more than 50 km offshore, both north and south of Iquique (chlorophyll distribution map available as Web Appendix 1: http:// www.aslo.org/lo/toc/vol_51/issue_5/2145a1.pdf ). The stations were located just outside the high-chlorophyll region, where satellite-based chlorophyll concentrations were around 1 mg L 21 .
Samples for process studies were retrieved in a 30-liter GoFlo bottle in three series of casts: Experiment 1 at Sta. 1, 21 March, from depths 30, 60, 100, 150, 250, and 350 m and Experiments 2 and 3 at Sta. 1 and 2, respectively, both sampled on 24 March, from depths 55 and 150 m. Supporting hydrographic data were obtained by use of an autonomous rosette system equipped with a Seabird 25 CTD, a Seabird 23B dissolved oxygen sensor, and 12 8-liter Niskin bottles.
For the process studies, the Go-Flo bottles were sampled in the ship's wet laboratory into 250-mL glass bottles with twofold to threefold overflow allowed and application of slight N 2 overpressure in the Go-Flo sampler to minimize oxygenation. Glass bottles were capped with butyl rubber stoppers that left neither headspace nor bubbles and stored in a refrigerator during transportation to the laboratory on land. Here, the samples were placed in a water bath at 13uC, and incubations were started within 12 h of sampling.
The 15 N tracer experiments were conducted as described by Dalsgaard et al. (2003) . Swiftly, bottles were opened, 50 mL of water was removed for analysis of natural concentrations of nitrogen species, nitrogen compounds were added, and the bottles were closed again with butyl rubber stoppers. The stoppers were fitted with two glass tubes, one of which was connected to a bubbling stone, which permitted the subsequent purging with helium gas for 15 minutes. After purging, the bottles were inverted, and from each bottle water was dispensed into 15 glass Exetainer vials (Labco) by means of a slight He overpressure and with overflow. The completely filled 12.6-mL vials were sealed with butyl rubber septa in screw caps, and incubation commenced in a water bath at 13uC. Incubations in the vials were terminated in triplicate five times during each experiment, including an initial sampling. For this procedure, 5 mL of water was withdrawn with syringe and needle through the septum, while the volume was replaced with He. Then, 100 mL of 50% ZnCl 2 solution was injected to halt biological activity. The vials were stored upside down for N 2 analysis, and the 5 mL of water withdrawn was distributed into three portions for analysis of NO Nitrogen isotopes in N 2 were analyzed by GC-IRMS, as described by Risgaard-Petersen and Rysgaard (1995) . Water samples from the stations prepared similar to those from incubations, but without the addition of nitrogen compounds, were used as reference for the natural N 2 isotope ratios. Concentrations of N 2 were calibrated with standards prepared by injection of different amounts of N 2 -saturated water into Exetainer vials that contained He-purged water. The excess of 14 N 15 N and 15 N 15 N in the samples were calculated as described by Thamdrup and Dalsgard (2000) . The GC-IRMS system also detects 15 N-labeled N 2 O after conversion to N 2 . With our configuration of head-space sampling, the sensitivity toward N 2 O is approximately half of the sensitivity toward N 2 because of the difference in the water-gas distribution coefficients for the two compounds.
Nitrite was analyzed spectrophotometrically just after sampling according to Grasshoff (1983) . Samples for analysis of NO were stored frozen and analyzed by V 3+ reduction, followed by chemiluminescense detection of NO (Braman and Hendrix 1989) and by spectrophotometry by application of the salicylate method (Bower and Holm-Hansen 1980) , respectively. Because the natural NH þ 4 was typically below the detection limit of the salicylate method, NH þ 4 in the incubations with 15 NO 2 3 was also measured fluorometrically by application of the orthophthaldialdehyde (OPA) method (Holmes et al. 1999 ) with a Turner Design AU-10 fluorometer. For this procedure, one Exetainer vial was opened at each sampling time, 2.6 mL of water was removed, and OPA reagent was added to the remaining 10 mL.
The mole fractions of 15 N label in NO 2 3 , NO 2 2 , and NH þ 4 , F x , were calculated from the natural concentrations of nitrogen species and the increase in concentration upon addition of 15 N label. Concentrations of N 2 produced by ammonium oxidation, N 2 anammox , and denitrification, N 2 denitrification , were calculated from the labeling fractions and the excess of 15 N-labeled N 2 , 14 N 15 N xs , and 15 N 15 N xs , according to Thamdrup and Dalsgaard (2002) . In incubations with 15 NH 4 + ,
In incubations with nitrite and, equivalently, in incubations with nitrate,
Rates were calculated from linear regression of 15 N-N 2 concentrations as a function of time.
Results
Hydrography-The physical and chemical parameters did not vary substantially during the 5 days of the DINAMO cruise, and profiles from the two stations and three casts were quite similar (Fig. 1) . The water column was stabilized by a relatively steep density gradient, with s t increasing from 24. [Gruber and Sarmiento 1997] ), peaking at ,20 mmol L 21 at 100 m (Fig. 2) .
Incubations-Generally, no significant changes occurred in the concentrations of ammonium or nitrate over the first four rounds of sampling (24-36 h of incubation). Only between the next to last and the last sampling, at 46-55 h, some incubations exhibited marked concentration changes, which signaled an abrupt acceleration of rates (Fig. 3) . Thus, the ammonium concentrations, as measured with the sensitive OPA method in incubations with 15 NO 2 3 , remained at 0.03-0.05 mmol L 21 through the first four samplings, similar to the concentrations in situ. Excepted from this result were the samples from the hypoxic zone at 30 m and initial samples from 100 m at Sta. 1, 21 March, all of which had relatively high concentrations of 0.15-0.22 mmol L 21 . The ammonium concentration tended to decrease between the two last samplings. Linear regression of ammonium concentrations over time for the first four samplings constrained the rate of change in the 15 NO 2 3 incubations to between 20.0009 and 0.0018 mmol L 21 h 21 , with standard errors (SE) of 0.0004-0.0016 mmol L 21 h 21 . In incubations with added ammonium, no detectable change occurred in ammonium concentrations during the first samplings, whereas concentrations decreased during the last part of the incubation (data not shown).
Nitrite and nitrate concentrations also remained stable through the fourth sampling, with concentrations similar to the in situ level in incubations without addition of these species (Fig. 3) . In several vials from different stations, depths, and treatments, the nitrite concentration increased abruptly by up to several micromolar before the fifth and final sampling, which corresponded to production rates of up to 0.4 mmol L 21 h 21 . Often, only one or two of the three vials sampled terminally exhibited such elevated concentrations. The rapid and variable production of nitrite always mirrored a decrease in nitrate (i.e., the combined concentration of nitrite and nitrate did not change substantially), which indicated that nitrite formed through nitrate reduction and that this process occurred much faster than the further reduction of nitrite (data not shown). for the two species, respectively (i.e., the rate at which the slope would be greater than 0 at the p , 0.05 level).
With the nearly complete labeling of the ammonium pool (F ammonium $ 0.96 [Web Appendix 2]), the exclusive production of 14 N 15 N indicated anammox as the active process, and the rate of 14 N 15 N production essentially corresponded to the anammox rate (Eq. 1) (van de Graaf et al. 1995; Thamdrup and Dalsgaard 2002; Dalsgaard et al. 2003) . In all experiments, the highest anammox rate was attained at 55/60 m, where it ranged from 0.2 to 0.7 nmol L 21 h 21 (Fig. 5) (example in Fig. 4 Anammox rates in the 15 NO 2 2 experiments at 55/60-m depth, obtained according to Eq. 3, ranged from 0.1 to 1.1 nmol L 21 h 21 and were significantly greater than 0, except for the incubation in which denitrification was active (Fig. 5) Between the forth and fifth sampling rounds, a strong acceleration in the production of 15 N -labeled N 2 from nitrite took place in some, but not all, of those vials in which an abrupt increase in nitrite was also observed (example in Fig. 4) . The accelerated N 2 production included both 14 
Discussion
Anammox-Our results provide the first direct evidence of anaerobic ammonium oxidation in the oxygen-deficient zone of the eastern tropical South Pacific. The linear production of 14 N 15 N without delay from 15 NH þ 4 was consistent with the anammox reaction (Fig. 4) (van de Graaf et al. 1997; Thamdrup and Dalsgaard 2002; Dalsgaard et al. 2003) . Any direct oxidation of ammonium to N 2 with a nonnitrogenous oxidant (e.g., Mn oxide [Murray et al. 1995; Luther et al. 1997] ) would produce mainly 15 N 15 N. Another alternative mechanism for N 2 formation, the coupling of a nitrification-like oxidation to nitrite or nitrate with denitrification, would expectedly result in a lag phase for the accumulation of 15 N in N 2 because the label would first need to build up in the large, unlabeled nitrate or nitrite pools. In addition, this mechanism would also lead to the production of 15 N 15 N, which was not seen. Anammox activity was further supported by the incubations with 15 NO 2 2 , where the observed dominance of 14 N 15 N production over 15 N 15 N deviated strongly from the ratio expected from denitrification with random isotope pairing but was consistent with anammox at rates similar to those determined with 15 NH þ 4 (Figs. 4, 5) . Thus, our results document the significance of the anammox process in the Chilean waters. Molecular biological analysis of samples collected off Iquique shows the presence of anammox bacteria, consistent with our results (A. Galá n pers. comm.).
The hydrographic conditions during the DINAMO cruise closely resembled those previously reported from the area in the absence of El Niñ o (e.g., Morales et al. 1996; Pantoja et al. 2004; Castro-Gonzá lez and Farias 2004) . Very similar depth distributions of oxygen, nitrite, and the deficit of nitrate + nitrite have also frequently been found farther north off Peru (e.g., Fiadeiro and Strickland 1968; Codispoti and Packard 1980; Lipschultz et al. 1990) , although conditions along the Peruvian margin are quite variable in space and time (e.g., Dugdale et al. 1977; Codispoti et al. 1986; Copin-Montégut and Raimbault 1994) . Thus, our findings may be representative of a substantial part of the oxygen-deficient water in the eastern tropical South Pacific. Together with the previous demonstrations of anammox in Golfo Dulce, Costa Rica (Dalsgaard et al. 2003) , and in the oxygen-minimum zone off Namibia (Kuypers et al. 2005 (Dalsgaard et al. 2003; Kuypers et al. 2003 Kuypers et al. , 2005 , this study is the first demonstration of anammox in anoxic waters by means of incubations with 15 NO 2 2 . In agreement with the current understanding of the anammox process, we found that 15 NO 2 2 was immediately converted to N 2 , and the derived anammox rates were similar to those determined with 15 NH þ 4 (Figs. 4, 5) . In contrast, production of 15 N-labeled N 2 was generally not observed in the 15 NO 2 3 incubations. These results are consistent with the current understanding of the anammox process as a coproportionation of nitrite and ammonium (van de Graaf et al. 1995 (van de Graaf et al. , 1997 and with anammox bacteria primarily acquiring nitrite from the extracellular nitrite pool. If instead, the anammox bacteria reduced nitrate to nitrite coupled to the oxidation of organics, as observed in a culture from wastewater (Gü ven et al. 2005) , and primarily shunted this authigenic nitrite to the anammox process, then we should observe the production of 14 N 15 N in incubations with 15 NO 2 3 . Such a production was only observed in one incubation. Thus, in systems such as the present, with slow turnover of the nitrite pool, 15 NO 2 2 incubations provide a more precise quantification of anammox than do 15 NO 2 3 incubations, as well as important additional information on the pathways of nitrogen cycling.
Earlier studies with sediments have indicated that nitrite saturation of natural anammox communities occurs at or below 3 mmol L 21 (Dalsgaard and Thamdrup 2002; Trimmer et al. 2003 Trimmer et al. , 2005 , which suggests that anammox off Iquique should be limited by ammonium rather than nitrite. In Golfo Dulce, an increase of ammonium concentrations from natural levels of ,0.3 mmol L 21 to 10 mmol L 21 increased the anammox rate twofold to fourfold (Dalsgaard et al. 2003) . Off Iquique, however, no significant difference was seen between rates obtained in 15 NO 2 2 incubations at the extremely low natural ammonium concentrations and with 3 mmol L 21 of ammonium added (Fig. 5) . The 15 NO 2 2 -based rates were also statistically similar to those obtained with 15 NH þ 4 , although with 15 NO 2 2 , anammox could only be detected at 55/60-m depth because of the higher detection limit in this type of incubation (Fig. 5) . In analogy to our results, Kuypers and coworkers (2005) also reported overall similar rates of anammox with or without the addition of ammonium to 15 NO 2 3 incubations with ammonium-depleted waters off Namibia. The different ammonium sensitivities observed in Golfo Dulce and at the open-ocean sites could be related to the difference in added ammonium concentrations but may also reflect real differences in the kinetics of ammonium utilization of the anammox communities. Highly efficient ammonium consumption by the prokaryotic community in general has previously been demonstrated with samples from the upper boundary of the oxygen-deficient zone off Chile (Molina et al. 2005) . Our results call for further studies of the functional response of the natural anammox communities to substrate concentrations.
Anammox activity peaked in the shallowest part of the oxygen-deficient zone, and in the 15 NH þ 4 incubations, which had the highest precision and lowest detection limit, the process was observed at decreasing rates to 150-m depth. This relative depth distribution is consistent with sinking organic matter as the ultimate source of ammonium, and it supports previous findings that the zone around the base of the oxycline is the site of particularly high microbial activity (Codispoti and Packard 1980; Lipschultz et al. 1990; Molina et al. 2005) . The variation in anammox rates between casts (from 0.2 to 0.7 nmol L 21 h 21 with 15 NH þ 4 at 55/60 m) may in part reflect slight displacements of the activity peak relative to the coarse spatial resolution of sampling, although both temporal and horizontal variability of rates most likely also contributed. The two casts at Sta. 1 sampled different water masses because of the relatively strong currents in the Humboldt Current system. Satellite images recorded during the cruise show occasional patches of chlorophyll-rich water drifting in the region of our stations (Web Appendix 1). Sinking of detritus from such patches and from upwelling plumes, such as those located north and south of Iquique, may result in fluctuating microbial activity levels below the oxycline.
At #0.7 nmol N 2 L 21 h 21 , anammox rates off Iquique were lower than in Golfo Dulce (1-18 nmol L 21 h 21 , 15 NO 2 3 incubations [Dalsgaard et al. 2003 ]), whereas the range just overlapped with those measured off Namibia (0.4-8 nmol L 21 h 21 , 15 NH þ 4 incubations [Kuypers at al. 2005] ; the maximum rate from the present study is taken from 15 NH þ 4 incubations, as these incubations have the lowest standard error). These differences likely reflect variations in microbial activity in general, although no other measures of activity are available to confirm this hypothesis.
Our anammox rates were more comparable to previous incubation-based estimates of denitrification off Peru. There, as inferred from electron transport system activity assays at several locations, denitrification attained highest rates of 0.4-1.9 nmol L 21 N 2 h 21 in the shallowest part of the oxygen-deficient zone, and rates decreased steeply with depth (Codispoti and Packard 1980) . Similar rate maxima (0.4-1.7 nmol L 21 N 2 h 21 ) and depth distributions were estimated from rates of nitrate reduction to nitrite in incubations with 15 (Lipschultz et al. 1990 ). These indirectly determined denitrification rates were further supported by loss rates of fixed nitrogen derived by reaction-transport modeling (Codispoti and Packard 1980; Anderson et al. 1982) . Although large regional variations in rates are likely, these comparisons support the importance of anammox as a sink for fixed nitrogen in the eastern tropical South Pacific.
Denitrification-Next to the demonstration of anammox, the most striking finding of this study was the general absence of detectable denitrification, except for the sample from Sta. 1, 55 m, 24 March, and the ultimate part of a few other incubations (Figs. 4, 5) . This averaging yields a denitrification estimate of 0.016 6 0.025 nmol N 2 L 21 h 21 (mean 6 SE, n 5 9), with an upper 95% confidence limit of 0.063 nmol L 21 h 21 . The combined anammox rate for the same samples was 0.23 6 0.05 nmol L 21 h 21 . Thus, the contribution of denitrification is constrained to ,26% of N 2 production.
When denitrification appeared near the end of incubations, nitrite concentrations also increased abruptly. At rates up to 0.4 mmol L 21 h 21 , the nitrite production was too high to realistically reflect rates in situ. We, therefore, consider these late changes in both nitrate reduction and N 2 production as a reflection of an incubation artifact or ''bottle effect,'' similar to the abrupt increase in activity generally observed during longer incubations of water samples for quantification of oxygen respiration (e.g., ZoBell and Anderson 1936; Robinson and Williams 2005) . Nevertheless, the occasional appearance of denitrification in our experiments indicated the presence of denitrifiers at all stations. The presence of denitrifying microorganisms in the water column off Iquique was previously indicated by observations of both anaerobic production and consumption of N 2 O (Castro-Gonzá lez and Farías 2004) and by isolation of cytochrome cd 1 nitrite-reductase genes from the bacterioplankton (Castro-Gonzá lez et al. 2005) .
Denitrification is thought to be the most important mechanism for nitrogen removal and carbon oxidation in oxygen-deficient zones. In Golfo Dulce, denitrification accounted for 42-68% of N 2 production at nonsulfidic depths (Dalsgaard et al. 2003) . These values are somewhat lower than the 71% expected during a complete mineralization of Redfield-type organic matter through denitrification in combination with oxidation of all the released ammonium by anammox. This modest deviation could be caused by a preferential degradation of nitrogen-rich organic moieties in the anoxic waters (van Mooy et al. 2002; Dalsgaard et al. 2003) . However, the low denitrifi-cation rates off Iquique cannot be explained by this mechanism alone, because such an explanation would require an unrealistically low C : N ratio for mineralization, and sediment-trap studies off Iquique have not revealed any marked deviation from Redfield C : N ratios of mineralization for organics sinking through the oxygendeficient water column (Pantoja et al. 2004) .
Our results are most likely explained by an uncoupling of anammox and denitrification that results from an uncoupling of the different steps of the denitrification pathway. Thus, abundant evidence from the oxygen-deficient waters of the tropical Pacific indicates that the reduction of nitrate to nitrite often proceeds at a much higher rate than the subsequent reduction of nitrite to N 2 , which results in nitrite accumulation. In a batch incubation of water from the eastern tropical North Pacific, nitrite reduction started only after 3 days of incubation, when nitrate reduction had produced 20 mmol L 21 nitrite, and the nitrate concentration had decreased to ,8 mmol L 21 (Goering and Cline 1970) . Similarly, Richards and Broenkow (1971) , who compared in situ concentrations in the water column of Darwin Bay, Galapagos, at two visits separated by 2 months, observed the reduction of 8 mmol L 21 nitrate to nitrite, whereas only 4 mmol L 21 nitrate + nitrite had been lost to N 2 . Ammonium concentrations increased very little, and the occurrence of anaerobic ammonium oxidation was suggested. Also, with water from locations off Peru, nitrate reduction was active in batch incubations, whereas nitrite reduction to N 2 O was not detected by the acetylene-inhibition technique (Lipschultz et al. 1990 ).
Although the rates were too low to detect changes in nitrate or nitrite concentrations during the first part of our incubations, we observed a strong dominance of nitrate reduction over nitrite reduction toward the end, with sharp increases in nitrite concentrations in most incubations and incipient denitrification in only a small subset of these incubations. Consistent with these results and the earlier findings, our observations during the first part of the incubations could represent a situation in which carbon mineralization and removal of fixed nitrogen occur through the combination of nitrate reduction and anammox, as indicated by the following reactions: With a production ratio of nitrite to N 2 of 12.25 : 1 in the combined Reaction 3, nitrite production rates, corresponding to the maximum anammox rates of 0.2-0.7 nmol L 21 h 21 (Fig. 5) , should be 0.003-0.009 mmol L 21 h 21 , which would generally be too low to be detected as changes in nitrite concentrations during our incubations. Our results are similar to those reported most recently from oxygen-deficient waters over the Namibian Shelf (Kuypers et al. 2005) . There, in similar incubations, denitrification was also not detected while anammox rates ranged from 0.4 to 7.5 nmol L 21 h 21 . These results were hypothesized to reflect a slower recovery of denitrification than of anammox after exposure to oxygen, as may occur through frequent intrusions of oxygenated waters. In situ oxygen concentrations at depths with anammox activity ranged from 0.3 to 9 mmol L 21 , and high-resolution hydrographic profiles indicated highly dynamic oxygen conditions. Fluctuating oxygen concentrations are less likely to explain the results from the Chilean margin. Thus, the samples with anammox activity were all retrieved at depths where oxygen was not detectable. Furthermore, a comparison of density gradients indicates that vertical mixing was weaker in the Chilean waters than off Namibia. The density gradient at depths with anammox off Iquique exceeded those off Namibia (Fig. 1 ) (ds t /dz of 0.002-0.006 kg m 24 at 50-100 m in this study compared with #0.001 kg m 24 off Namibia, as calculated from density data for depths with ,10 mmol L 21 O 2 [Kuypers et al. 2005] ). In general, the coastal transition zone off northern Chile is characterized by low-eddy kinetic energy that results in a stable stratification of the water column, with very little vertical mixing (Hormazabal et al. 2004 ). Regardless of which mechanisms lie behind the apparent absence of denitrification in the two areas, the results together emphasize the need for a better understanding of the regulation of the denitrification pathway as a whole.
The combination of Reactions 1 and 2 may explain our results and represent the metabolic state of the water column off Iquique at the time of sampling. However, it cannot represent a persistent situation for a wider part of the ETSP, because the combined Reaction 3 generates much less N 2 and, thereby, a much lower DIN deficit relative to the amount of nitrite accumulated than observed in the core of the oxygen-deficient zone, where the nitrogen deficiency is ,3 times greater than the nitrite concentration (Fig. 2) . The discrepancy is further illustrated by modeling of the depth distributions of nitrite and DIN deficits in Peruvian waters as influenced by vertical mixing (Anderson et al. 1982) . This model showed that the ratio of nitrite reduction to nitrate reduction is generally .0.3 under conditions similar to those observed off Iquique, rather than 0.08, as in Reactions 1 and 2. The model approach of Anderson and coworkers (1982) may even overestimate the discrepancy between nitrate and nitrite reduction because horizontal advection is often the dominant transport mechanism for the nitrogen species, rather than the vertical mixing assumed in the model, and the horizontal export of nitrite from the ETSP is insignificant relative to the exported DIN deficit (Codispoti and Christensen 1985) . Denitrification to N 2 , thus, remains the simplest explanation for most of the DIN missing in oxygen-deficient zones. (See Devol et al. [2006] for a discussion of this issue for the Arabian Sea.)
The general lack of denitrification in our incubations may be related to a heterogeneous distribution of the process. Water-column chemistry integrates mineralization processes over longer timescales and in larger water bodies than our 1-day to 2-day incubations of ,1 liter of water per station and depth. Thus, high rates of denitrification could be associated with pulses of sedimentation of fresh detritus or with organic-rich aggregates that were generally not captured by our sampling. The detection of denitrification in a single sample from 55 m at Sta. 1, 24 March, both in incubations with 15 In conclusion, our results provide good evidence for the activity of the anammox process in the eastern tropical South Pacific, at rates that suggest that anammox is an important sink for fixed nitrogen there. This finding adds an important new location to the database with previous demonstrations of significant anammox in other oxygendeficient waters (Dalsgaard et al. 2003; Kuypers et al. 2005) , in anoxic basins (Kuypers et al. 2003) , and in marine sediments (Thamdrup and Dalsgaard 2002; Dalsgaard et al. 2005) , which emphasizes the importance of the process in the nitrogen cycle.
The absence of denitrification in our incubations is interpreted as a transient phenomenon and is analogous to findings in the Benguela upwelling area (Kuypers et al. 2005) , although the reasons for this absence may not be the same in the two areas. These findings together emphasize that a better understanding of the removal of fixed nitrogen from the oceans requires detailed investigations of the regulation of both anammox and denitrification under environmentally relevant conditions.
